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EXPERIi,iE}_TS WITH A WING MODEL FROM _,W£1CH

THE BOUHDARY IS RE'_[0VED BY SUCTION. •

By 0skar Schrenk.

Introduction

Under certain conditions undesirable dead regions s_re cre-

ated in liquid and _Jas flows. Technic_ly they sometimes cause

very prejudicial losses of energy and other disadvantages.

These losses can be avoided or reduced by drawing off small

quantities of fluid from the surface into the interior of the

body and thus preventin_ the development of turbulent regions.

The present report deals with a series of tests made for

the purpose of im_rovi:_g flow conditions about win_s by applying

this suction principle (increase of the lift coefficient.and

reduction of the drag s]oout very thick wing sections). Thouch

not conclusive, the report contains interesting results.

The possibility of improvin_ wings by removing the boundary

layer by suction has frequently been considered durin[ recent

years. In this connection exhaustive tests were carried out at

,_ 1|_-
the aerodyn_ic laboratory in _o_ingen. The fact that such

"Tragflugel nit Grenzschichtabsaugung, " from Luftfs]_rtforschung,

June II_ 1928, pp. 49-62.
See also J. Ackeret, "Grenzschichtabsaug-anl)_" (Removin[ Boundary

Layer by Suction), Zeitschrift des Vereines deutsoher Ingenieure,

August 28, 19°G, pp. I15S-I158 (_:_,.A.C.A. Technical liemorandum
O

595, !
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boundary-layer control is not yet fully satisfactory, is due to

the enormous difficulties of the tests and esoecially to the

structural problems involved. A comprehensive report of the

work hitherto done seems nevertheless justified by the great

interest which this problem arouses and by the results recently

obtained.

The physical principle of the suction theory is simple sm.d

long] since known. • On t/_e rear side of nonstreamlined bodies_

the air flow usually leaves the surface <mud a Zurbuient region

without specific motion with respect to the body is formed at

that point. A _reat thickening of the boundsry la_ler frequently

occurs without the formation of a turbulent recion. The for:na-

tion of these turbulent regions which, in most cases, are tech-

nically prejudici_l, csn be avoided _'requently by drmv;ing off

small qua__tities of fluid from the _nre,_ (_'_l<s. la _d Ib).

We shall not now refer to other flow phenomena which can be pro-

duced by suction.

*L. Prandtl, "Ueber Fl_ssickeitsbewegL,_an$ bei sehr kleiner _.elou_i<,

Verhandl_u_Ten des ili. Internationalen Liathematiker-kongressos
in Heidelberg, 1904 (Teubner, Leipzig, 1905). Reprinted in Vier

Hydro- und Aerodyn_ik, by L. Prandtl and A.Abh aundlun_en zur

Betz, Gottlngen, 1927 (J. $prinzer, Berlin)
A. Fiettr_er_ "Anwendun_ tier Erkentm_sse der Aerodyn_ik zum vlnd-

antrieb von Schiffen, " Zeitschrift fur Flugtechnik und },'otorlu_t-

schiffahrt 18, 1925, p. 53, s]_d Jahrbuch der Schiffsbautechnis-

chen Gese_Ischaft, 1924, p. _2_2.

J. Ackeret, "Grenzschichtabsaug_ng, " Zeitschrift des Vereines

deutscher Ingenieure, Au{=_'.28, 19_6, p. 1153.
O. Schrenk, "Versuche an einer huge! nit Grenzschiohtabs_ugun_,"

Z.F.k. 19, 19_6, p. 366.
J. Acker_t, A. Betz, end 0. Schrenk, "Vcrsuche an einem Trag-

_rcnzsc__cht_ooau_o, Vorlaufm_e _iitteilungen derflugel mit _ _ _ _ _ n _ "
_"_ " No z_, io_5.A.V.A._ _o_tm__<_n, .
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The first technic_l suction tests v_ere made by J. Ackeret

and A. Betz in the GSttingen laboratory. These men likewise

prompted the present tests which were made by the ,_vriter. A.

W$ckner at the beginninc, s_d B. Winkler later, participated in

the tests.

ii. Purpose _r_d Development of the Tests

Boundary layer control by suction, applied to wings, in-

sures an increase in maximum lift _nd permits using thick wing

sections v_ithout excessive wing section or nrofile drag. The

actual difficulty of this problem, _hich is simple in itself,

lies in the fact that the complicated apparatus e_d the power

required for suction must be justified from the technic-_l point

of view. Memy other questions which greatly affect construction

and flicht , such _s tLe space inside the win_ and reliability in

operation, must also be taken into consideration.

Hence the lift, dry,g, suction volume and suction power, the

latter being chie+_iy the product of the suction volume by the

suction pressure, had to be determined by measurement. The

simultaneous, accurate _d quick measurement of all these quan-

tities caused certain difficulties. The best results were ob-

tained up to the present time with the arrangement described in

Section VIII, which consists of a model with built-in blower

suspended freely from the balances in the wind tunnel, Other

arrangements, in which the models were firmly secured, only per-

mitted measuring the forces indirectly a_nd less accurately and
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quickly, owing to the connections of the suction pipes which led

to the outside.

A picture of the stability of the flow produced by suction

had also to be afforded by the measurements. A repetition of

the tests showed certain discrepancies which did not, in general,

materially affect the polar. A sensitivity to slight differ-

ences in roughness was also manifest in certain cases. Eouble

values, analogous to those of certain wing sections in the neigh-

borhood of maximum lift, were obtained in some cases; for ex_-

ple, win E sections 538-540 in Report III of the Ergebnisse der

Aerodyn_ischen Versuchsanstalt zu ttingen (hereafter designated

as G_ttingen Report i, II, or Iii), according to whether the

point of measurement was approached from a stable form of flow

(i.e., from strong suction) or from sn instable one.

III. Notation

The ordinary symbols are used in the customary aerodynmnic

sense (p = air density;

v = velocity

b : spell

t = chord

F : area of airfoil

Compare G_ttingen Report I
sc_d _aebs-Hopf "Aero-
dynamik. "

A = lift

ca = coefficient of lift

W : drag

cw : coefficient of drag,
etc. )
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Q

Cp

m

c_

volume of' air r _ -_umova_ per second by suction (suction
volume ),

0
-_--= no::dimensionol volumetric coefficient
V__

internal necative pressure in suction chom'oer with

respect to ti:e undisturbed external pressure,

P
- nondimension-_l pressure coefficient

tote, l power required for _-_li'_;t_ ,

L

P v3F
0

= _o_e':',pondi_ efficiency ratio,

= requisite suction power (See S,',ction IV).

L s
= = corre,:_Jondzno nondimensional coefficient

P_ v3F (See Section IV)

Fb = exit cros_q section of air flow,

vb -@-- di o_h "_= ._ .... _..... _ velocity.
_b

IV. Evaluation of the Test Results*

In addition to lift, the total power L = ',_v+ L s chiefly

affects the cva.luation of the tests° Th "_,ioexpression is -o_sed

on the ar_,sumption of an s:Treeme:_t between the propeller and the

blower efficien_ir_. The power at the crcm_k shafts is then sim-

ply L_-. A difference between the two efficiencies causes a

• , Wv Ls -_-.. _.. • ,
slig'z_t ehan_'e in the expression _7 + tl_" _,_e non_zmensio_:_

form of ti_c ]:ov,_oruqua_zcn reads c_ = Ow + c tu. its introduc-

*_k'i_" _-'_........ c,_tion sw:'plements a previous si:nilaz" ssatement made by
the writer (g,.__._:_._' 17, 1936, p. 566) and corz'ects it i_._one point.
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tion is justified by the 1act that, like the drag and lift coef-

ficients, the boundary-layer conditions, and hence the requisite

suction, are only very slightly affected hy tLe Reynolds [lumber.

The funotlon" of the Ca/Cw cur_:e of normal _',_I_,o_is here partly

assumed by the ca/c _ curve, v_hich, in contrast with the "cw

polar," will be called the "c_ polar."

The combination of the cw and e_ values, as directly com-

puted from experiments with a model is i iot, however, a reliable

criterion of the excellence of the model, which is also affected

by an arbitrarily chosen quantity, the discharge cross section

Fb (Fig. 2). It appears that, whenever the flow about the mod-

el and the corresponding volumes removed by suction are ,_ivem,

W and Ls also depend on the discha_'_e velocity Vb: ,_', because

the discharge Droduces a certain backv:ard thrust (i.e., a propel-

ler effect of the blower); and Ls, owi:'_g to the blcwer effi-

ciency which increases with vb. A calculation ef the minimum •

shov;s that, in an. other.vise defined case, L := W_ + L s is a mini-

mum _:_hen vb = v. Since, for a given suction volume Q, vb de-

pends only on Fb (See Section Iii), the most favorable exit

section i_z Fb -_--cQ F. The test results, _,_hic,_are given later,

•When vb is increased by d Vb, the propeller thrust is re-

duced by p Q d Vb, and hence its efficiency is diminished by

d(Wv) = - Q v d Vb-

The blower efficiency is simultaneously ineres, sed by

d Ls = Q d _P Vb _\_ = P Q Vb d _-o.

The extreme minimum value of L is determined by

- p Q v d vb + P Q vb d vb = 0

and lies in the neighborhood of vb = 0.
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are converted to = _c, di_," r- _, +........ __: _n_ se oec_ion.* In this _.-_ the blow-

er efficiency (not including resistance of pipcs inside the wins)

i _S
. f 0 \* *

,:S = %'\p -I- _ V_' r
/

where the undisturbed external pressure (Pc := O) i__ subssituted

for Po ( -'" " 2 _ "_z.7. ) and !n :_:ost cases can be accepted without kes-

it_±tion. W;r-en t'_'iewins i? divided into n separate suction corn-

partments, L s is the sum of the individual results,

n

/ -I-p v _\
L s = Z Qi , Pi _ .

just as !I

Q= Qi.

*Drap:...ms converted as follows: the F,rzmee wilues be '-_i_.o +_o_._o_,di-

rectly obtained by experiment, the oo.lap.ce ,_-,ei_.ino_'-'_"o-_ ..<ire

_,T= W' + p Q vb - p Q v_

WIiOILCC, %"[7 S ;_]i:i.u convel'sion, we obtai;i

r

O W CV r! -f ( O-_ 1 '= 8cQ _
• k % T- I ,

Fb 1 h= ova'+ soQ - .'

A cosine, ori<inated, by the directio n o::"_.z_'o_'o_n_'-......_,e, is thereby
ne<!ected. The conversion is suoerfluous i'o _ dra.;_: mea,:_a:.ent.__

,_,.a(_u"j_ by _:eo method of iinoulsion _Sec Betz, Z.T.il. 1925, p.4-2),

_-' tke r.ost favors.hie c_:tse, v,i_en v b = v, t:-c i:np'_:.Isio:-_si:l<;o, _._
e_:( .....os of the int_kor_ azr s?_d of t.,.e expelled _.ir (F1S. 5),

wn_,,_: arc rot in.dicc,tec_ %y t_::@ Pitot tube, exa<.oly ozfset es,ck
"- .... he " __o0_ui. For S s::;kc oz accuracy, the li-'t sho:;id also oc con--

vetted in _:.similar" :.-runnerbut_ in ::ost or-cos, tke c,.rrection is

infiuitelv_ s.r.all. ._t w_.__',,_, considered in only one case (:i o. 3i).

__._ nov,'cr., inoz'e_<lc:_t Q _ v re,_rc,._=.to t]:e ::'orcc of t _';*,_dis-
oh&r! ;e °
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The following relations are thus obtained for the evaluation of

the tests

c7, s

n

CQ : Z CQi
l

n

= (CpI cQi i
+i)

o7, : o w + 07, s

In or:let tc ]proceed from an investigated case to other cases

in _Thinh, _or the s_e position on the wing, the capacity or

cross-sectional area of th@ suction openings is iifferent, the

same flow about the win@] sod henne the seme ca and cw values

can be acsumed as a first approximation, provided all other con-

ditions (includin_ cQ) correspond. Hence, the negative suction

pressure and the suction power increase with decrcasinc capacity

of the suction openings. According to certain tests, however,

(See Section V) this a,_sumption holds true only to a limited

extent. The requisite quantity seems more likely to be sli_shtly

affected by the nature of openings, perhaps due to the distur%-

inc effects of surface conditions on the development of the

boundary layer, e_id perhaps also to the ±'act that a variation in

the capacity of the suction openings may affect the pressure &if-

ference required for the passage of the ai_ and hence also the

stability of the external flow about the wing.
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V. Prclirnin_:_,ry Tests with Small i.loCels

' o__il scale dealt v-ith theA fcv_ prcliminrry _ests on a ......=_

- . !n:) to the small Reynolds Numbersquestion o: lift incre%sc 0v;' _

of these tests (five to ten times smaller thin _-those of the use-

al vj.nd-tun:_cl tests_, no d_ta of practical v:Rue could be oh-

tain_d ressrdinc; the dras reduction. Tke wins model (Fics. 4

and 5), o2 80 cm sp_n _r_i_@ cm chord, was secured v&th its end

disk to tl:c no_zzl,-_ of :_,:=_,,_i experimental blower with ::m orion-

ing of SOC SO0 mm (Fis. {3). For the purpose of a quick corn

o:_rison with tl_e oure potential flow about the section, one of

the th_'_,-",'_oloally'_easily comp,_uhcn_ _',Ible_Joukowsky sect ions

(,/i = 0.1;
i

c_/.-L :: Oo o V_O,S o',
The lift was deter-

mined by the deflection of the jet (Fig. 6). This method is not

very a_otlld_t , l,_u very conve__ient for tke present case. _

The suc-

,: ' d - sttion vol'_es arc olo-otc c,,_:ain the lift for two different

screens (FIT. <,) located on the upper winc ou_J <_,ce. Of the two

screens tested, "the slotted one is more favor_ole as resards the

_ ,.. _.._,, nrY.res 1_• .,_e_,ard_=% the J profiles, see _o._lnben Report Iii, _

and 59, ",-d...........0. Schrenk, Z.i.:,,. 1987, ps.,:<es 8°7 and ,_70.

• *If @ is the angle of deflection ¢,'ftke _et, _ncl k the width

of the jot oerpondiculai" to the axis of ti_e winc, then, according

to the law of impulsion, v;e have appro:<zma_ely
h sin .

Ca=

This valu_ _.ust be co_rected, since the deflection ms _o_ impart-

ed to ,_" .....iol_ vo!unc of the jet. The air dra',_m o-'f from the

surf:_ce :ictually di_',_':_'_ inside _""o_)O_ _s _:_ wing] with about h'a£f ti_e

deflectmon. Hence, for a more a,ecuratc calc_ma,_ion, we skoul&
h

take h _ I cQ imste_d of y •
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required re!urn of air. 0Nin[4 to its smaller capacity, however,

it £,ives poorer results (not here indicated)_ especially for

large ca values. _e indicated suction volumes <<re the minimum

quantities required for the flow to conform to the surface at

_'_ the most favoratle:_,ny snglc of attack mad they usually repreo_o

test values. A further increase "_m., suction ";_ould not materisliy

affect the lift. A comnarison with the theor_ o f tLe _iJt_on-

le_s profile flow (Fig. 9) shows a remarkable shifting of the

measured lift values toward the _ ..... -o_uorctical v_£Lues, a_s,oorclng to

the principles of the boundary-layer theory (Compare the rela-

tively _Treater deflection of Joukow,-;ky sections without rcmovsLl

of boundary l_,_,yerby suction, Z.F.i_I., 13,36, p. 2 '-_:JO) •

The ca, a curve (_" _ _ "_zL. 9) is derived zrom the test results

by the followin_s con_-ersions: I. Tke measure& an k[!e of attack is

reduced by h,zlf tke on,sle of deflection 8, because the flow, on

roaching the v,,in_, has ,zlready undergone about half its doflec-

tion_ _. Aloni_; the wing, the str@om;!inos are slightly bent

which, in the lift production, corresponds to _._decrease in _hc

e_fective ;_n,71e of attack. A close exmnination o:-,,",__

in the streamlines t (r = radius of the _'_ with a reCuction
r

of A f - t (f = mean ctm]ber) in the c_mlber of the tin S sec-
t 4r

tion, causes a reduction of A_ i_. the camber a_md o, decrease

of 57.3 X %-- in the effective _nsle of attack (Compar_ Z,_._,,

1926, p. 225). Since, ac,cordin S to a vortex screen consideration,

the bend in the stro,?_._lines c;_n be expressed by
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t 2
t Ca O, _

and hence, in the present case, by

t
-= c a 0.0234,
r

the reduction in the an_lo of attack, necessitated by the bend

in the streemlin,e_], is

A a ° = - ca 0.67 °

Strictly speaking, in a jet of finite height h, the win_ has

not the same form (with respect to the flow) ffor different lift

valut_s. The c:onsidered _ing section which, for zero lift, has

a cs_uber f = 0.05 t, c:,m, for ca = 6, be identified in our

arran_Temcnt with a section having a cssnber f = 0.015 t.

An earlier test made by J. Ackcret with a very thick winc]

section (....." ' _ --_ " " Theo_-zc_,:::;;ss ...... _ 2//3) should_ also be mentzonea.

qua_tity required to pro0.u,,_e a given lift was in this case about

. . m%.40_,_ _al-icr thaz_ for tmznr:ess sections. _,_!s phenomenon, which

is in sop,e way connected witk the uniform pressure distribution_

about tkick -' • _ '-' _ _',_,lll_ $UCo!Oi%S_ Was not, in the meantime, .uroner in-

vest _''_÷_ since it was not _" '_'o_mbmnally intended to depart mate-.L. t_ c.,. U _ k_',- ,

rially from the usua,l forms.
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Vi. Large, interns lly Divided Wini!{: }_:odel*

The first experiments on a large scale were carried out

with a wing section having a gO cm chord like the one used for

the preliminary tests (Fig. 5). The upper suriace of this sec-

tion consisted of the slotted screen sho_,-n in Figure 8a. The

following general results wore obtained.

i. The suction vo!tm_e _d power can be materially reduced

by dividin S the internal suction chsJ:_ber into compartments. A

correct distribution of the suction over the different steps is

essential.

2. The suation volume o_<nbe further reduced by the suita-

ble application of surface strips between the steps. Fi6mres

llb to ilf represent various tested suction arrangements.

S. About one-tenth of the wins widgh at each of the free

ends of the rectan_]ular :,in G requires no suction since the flow

there conforms automatic'c_lly to the surface. Wider regions

'rithout suction cmuse the flow to separmte along the whole wins.

The possibility of saving suction at the wing tips is clue

to the _:';cll-known marked decrease in lift towazd the wing tips,

and is also accounted for by the maximum negative pressure mov-

ing strongly backward at the tips. This prevents the separation

of the flow, which cad take pl<_ce only in re_ions of inoreasin6

pressure. The width of t.,_e wing:-tip region, where no suction

*Short indi _ __aoions reiuarding tiiese exocriments are given in

Vorlaufige Mittei!ungen der Aerodyncdrischen Versuchs_-stalt, No.

4, 1925.



lift. The width _as measured for ca : 2.5 (about).

Fii:<ure 18 affords an explanation of the other observations,

=-eprescnti_o tile direction of the _xte_k£ pressure _boutPa

the -cction_ rh!ch "_ identical in both suction a_r_n<)sm<._t_;.

o. ) denotes the internal pressur@s inIf Pi ( or P_ , , Pi

the comp[_rtments, the (h_-_tched) pressure differences Pi- Pa

u_ro the'.: s_vailablc for the pass%Se through the grid, and it is

seen theft unnecess<<rily _ireat suction volumes and pressures are

produced under certain conditions in the re_r _.inc re_ion.

Contrary to iormcr _raotice, the tip of a win_ was placed

in the :_r f!c_._r i-_ +_-_ ' ' • ....... _" ".... o_<, besL _ranoement shoran in _l_llre IZ. The

t_rouo.l v_hich the suction w_%sother end abutted _ smooth wall "_ _ _'-

effe':oe_. Tn__s wall aot(_'_das the plane of ,;5...._=etry and, ex,_,ept

for small disturbances due to the boundary layer of the wall,

this wing represented <_ free win G with sac aspect ratio of 4. A

wider wing could not be used, since _sreater suction volumes

caused a noticesble prefecture drop in the air pipes inside the

wing and affected the tests unfavor-_<bly.

kuong tbe individual results, ps_rticular attention is

o&_lled to the lift measurements between c a : 8 and 4_ u'ith the

smallest !:ossible suction volmmes, as _{iven in Section V. O};ins

to space conditions, the lift could not be measured by the form-

er jet-<_e_lec_ion method and was determined in the present _e

by pressure-distribution measurements around the wins section,

•Loeal ca values, not me_un values over the whole win,s span.
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as made with a _pecial pressure-tcstin{7 device. For different

reasons this method is not very accurate (+- I0_). The most in-

portent numerical results contained in the following table were

computed with corresponding values from prelimin<{ry tests.

TAELE I.

c a cQ c_ s cQ_ Cp_

2.7 0.05Preliminary test with

slotted screen

Preliminary test with

perf --_ _ ....

Largo moc!et, suction

according to Fig. lla

Large model, suction

according to Fig.l!b *

Larg_e model, suction

according to Fii_.llc

Large model, suction

according to " _Fz_.lld

Large model, suction

according to Fij.lle

Preliminary test with
slotted screen

Lar[e model, suction

accordin::_ to Fig.lle

2.7

2.7

2.7

2.7

2.7

Z. 3

3.3

0.076

0.024

0.023

0.016

0.020

0 •011

0.063

O.OiS

0.12

0.08

0.05

0.06

0.05

0.ii

O. 000

0.003

0.002

0

0.001

0.001

5.8

5.S

5.8

6.5

........................................... ± .....

*The suction arrangements in Fidures lib to llf were efzected by

pasting smooth paper over the openincs.
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TITLE I (_ont,)

oQ_ _'P2 cQ3

Preliminary rust with
slotted son-,._<n

Prelimin_'y test with

perforr,,t ed screen

Lar_ _ mc_el, suction
qac<;or__r_: to Fis._l_

L_rse model, :_uction

acoordin&; to Fi_.llb •

Larvae model, suction

accordin_ to Fij.llo

Large model, suction

ac<,ordin_i to Fi_.!id

Laramie model, suction
according to Fis.lle

Prel imin_ry __os_ with

slotted screen

Larc_e model, suction
accordinsi to Fis.i]_e

0.0i5

0.009

O. 008

0.005

0.006

0.014

6.2

4.4

S.7

5.8

7.5

0.006

0.012

0.006

0.015

O.OOA

O.OOS

Cp 3

1.0

1.7

Z.O

1.0

1.2

i Stoup of systematic tests (Fi_s. 14) shows the imports_nee

of a correct distribution of the suction over the individu<i

steps. By me_r=s of these _'._easurements, the most favorable value

= _ was determined ior bxcfor ca s.7, as indicated in Table T,

large mo_le! without uncovering. The OQ, CQ_, OQ¢, ss_d cQ3 val-

,._- _ " The other values of th_ tableues ere i:___e_ in the d!a<_r_.

like":ise bulon7 to tke most favorable eases of a lar{_e series of

measurements. Further tests dealt with the drs_ re,duction of

the _cetion for lift values at which, according to Fiogurc I0

(normal win_ pol'j_r), the flow about tke wins section hu.i not yet
...........................

•See footqote, _as_e 14.
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separated (o a in the neighborhood of I). In principle, the suc-

tion method is also applicable _Jhcn the flow behind tile wing

still adheres to the surface but has a _reatly widened, drao-

,.,UI. ,ce_sproducing tur]_ulent region. Then, however, the _ _c will be

relatively smaller than in the other case, since the flow in it-

self is not so unfavorable.

The tests were made by the method of impulsion (A. Betz,

Z.F.M., 1926, p. 4_) ant\ gave the followinT results. Below

ca = i, for the arrsmgement l!f, the reductions in power m<_ount-

ed to only a few per cent, while the simultaneously produced

lift increments (_pproximately lO/o) could not be accurately de-

termined. Conditions _ere a little more favorable for ca = Ioi.

The loss curves in the _:ra_e of the winc, determined with the

arrangement shown in :_'m;_suleo, are _Jio_ocd in Figure 15. They

show the Tedu,tion_<, in the impulsion-loss area v:ith increasin_

suction volumes and likewise the increase in lift in the form

of a 3;rester displacement of the turbulent region. The evslua-

F_L_u_ e 16.tion curves corresponding to Figure 15 arc sho_'m in - -

They show a:n improvement of the tot_l efficiency coefficient

from O.OS_ °, without suction, to O.OP_4 with a suction volume

cQ : 0.0038.

• _ c_VII. .e._ts frith Tyro 8y_mletrical Strut Sections

A case of very simple flow conditions, those of a symmetric-

al two-dimensional flow (zero or_gle of attack and side walls)

about symmetrical sections of great thickness (Fig. 17), <_aS
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a tho_ou=,n invest!ca_adopted for _ _! "_-_ion of the orofile-drag reduc-

tion and of the related problems. It w_:_,schiefly intended to

thro,_ li__;ht on the variation of the flov; produced by the suction,

by me%surins the velocity distribution, the thickness of the

boundary layer an& of the turbulent rc_ion behind the win_ sec-

tion, as v;e!l as the pressure distribution [_bout the "_,ring. The

testing of individual _uetion slots, instecd of screens, was

another object of tRe investigation.

After cxhamstive t_csts, it was finally found impossible to

undertmke _cncral f!o_;r investigations _tbout struts° it appe_tred

that this "symmetrical" flow is p_'ticularly unstable. The ac-

tual motion v_;:s ao_olutely unsymmetrio',_i and throe-dimensional

and produced _-_nirregular lift and dra_:Tdistribution alor.$ the

-÷_'_ ,o_i_ be establ_shed only o_cao_on_,Al, fors_o. Zero lift c -_ _ _ _ " _" _ v

certain wins _,ections. It v;ats impos3ible to measure velocities

anC pressures in the n_i<ihborhood of' the %ody, since the stre_m_-

lines were completely cka:_;ed even by c_ small hole or by a sound-

in_ device. An extensive incalculability rr_n_se s<_,ensto be com-

mon to these strlrSs and to the sphere in kydrodynoj.!ics. The

sphere, which has been frequently used for fundamental te_,ts in

flow investi@a,tions_ likewise possess<_s this croat sensitivity to

small disturbances.* Such phenomena do not surprise us <';hen

they occur _oout thick struts without suction, where they were

observed by Prandtl mar_y years ago. The surprisin_u feature is

*0. Flaohsbart, "l[eue Untersuchungen uber don J,uftwldersts_md

an Kugeln," Physikalische Zeitschrift, ].°27, p. 462.
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that even the removal of the boundary layer by suction does not

chan{e these conditions. This uncertain behavior of the flow

ceases, as soon as the strut is given a few degrees an[{le of

attack. The lift and drag distribution is then much more uni-

form.

Numerical results could be obtained only by forming meson

values along the whole ,_trut. There is not a point whore the

flow separates correctly, and its drag c_7_ be affected by suc-

_,_ction Vi. Thickoimli_r to that of the winc in _tion in a way _" _" --

struts permit _i_o up to 20% of the total efficiency expressed

in cw without suction (c w = 0.03 without suction). The re-

sults of ,,'_c_ _ain number of measurements with staggered o_ruts

,,__ere Z is a tes_ value ' "-are give_: in Figure I$, "_"__ J _pp_cxmma_ely

proportional to the lift and representin_ the deflection of the

wing wake from the sy1_etrical Dosition as measured with the

Pitot tube. _ = I0 cm corresponds al>pro_imately to ca = I

"'"'" 25th edition, p. [_85)(See zu_e I,

VIII. ![odel with 9s.ilt-!n Blower -- Suspension from Balance

The reliability of the results and the quick co_pletion o£

the _ests urgently called for force ._easurements with the bal-

ance. These, however, encountered i_reat difficulties, because

of the suction aDparatus (Z.F.ll., 1926, p. 366). These diffi-

culties were overcome by me_ns of a smali helical blo_;Ter of _" _

revolution speed(S5,O00 r.p..v_.), driven by one of our small three-
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phase induction motors. _ For the tests, as described below, the

blower or_d the motor, together _ith the device for quantity meas-

urements, were enclosed in a fuselage (Fig. 20).

2;Levitt.- Particular a_tention is called to the blovrer with

its unusually small dL_ensions (68 mm di:m_eter) aud _rcat revo-

lution speed (n = 30,000 r.p.m., peripherrul velocity u = I00

m/s), which vras built a<_uordinc to suggestions by Profe_sor Bctz°

This _lo_er vra_,sonly slightly inferior to larzer blov;ers of a

similar type with the sm_e Reynolds Number, <Ithough its prac-

tical construction as re_ards o_,. . .....,)_,ape of bls_es, bearings :rid air

slots between the rotor and the casing, offered greater difficul-

ties and was pc rh:_,ps less satisfactory. At 30,000 r.p.m, and

for an efficiency r_ : 0.8, the delivery was 75 liters per sec-

ond, _nd the prGcsure vlas 250 _m_ water col'm_,. The results of

a special test, to v:hich the blower _:as subjected, are repre-

sented in the usual v:ay in Figure 19. _ 0_in_ to the low com-

pre_sion ratios (below 1.05), the thermodynsmic phenomena were

neglected in the cv_uation of the test results. The very sen-

sitive weed impellers, ori_inally used, have been recently re-

placed by br_ss impellers v:hicL _ive excellent results n_d can

be quickly rc_>aired, in case of need.

Model [_'i_s. _Q__°la and _,io_ The winom oi" thzs model was

_ ,_.mb_ permit ir_-given its tuq_lsual shs_e_ in order tnao suction _"-" _

*Scc _ocsin_cn Report !i!, p. 21, or J _,'_,'et, Z.:.i_.., 1925,

p. 64.
**See "Receln f"_r Leistun_;sversuehe _ Ventilatoren und Kompres-

" V.D.i°-Vcrlug BerlinSO r er_, :,_
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creasing the ca value and thickening the _ing section. Besides,

the suction volumes and forces of tnm_ first practical model were

not intended to be Is_ge. In order to achieve a thickeninc of

the section and _ increase in lift, des oite moderate suction,

only the centr_al win_Jj portion (Figs. 21a and °Ib) was thickened

_OOU_and subjected to suction. Since the flow _" _ the two outer

wing portions without suction separated beyond a certain an_!_le

of attack, the _ngic of attack of these two outer portions had

to be smaller tn_un that of the central portion with suction.

Subsequently, materic_ difficulties _ere cnco_u_tere& in carrying

this arrangement into effect on the first experimental airplane.

Although, ovrin_ to this somewhat complicated appe_atus_ the ac-

curacy of the test results v_as slightly impaired, they neverthe-

less enable general conclusions, provided certain necess_y cal-

culations are made. It v;a_ found subsequently _kat the irregu-

lar transition in the lift distribution produced a disproportion-

stely high additional induced drog, which slightly impaired the

test results. A more accurate evaluation of this induced dra_

is obtained in the following para_m_nh by a theoretical method.

T_e disks between the centra_l e_d the outer wing portions

serve to maintain the desired division in the lift, i.e., in

the pressure distribution. They also c_rry the points of attach-

ment for suspending the model. The angle of attack of the outer

wing portions could be varied, owing to their mode of connection

with the disks. The covers on the ou_ion side of the central
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wing portion (Fis. 20), were exchangeable and served for changing

the suction openings. The static pressure was mca;_ured at three

points of each suction chsjnber. The measuring pipes and those

runnin: 7 from the front Pitot tubes were led to the outside at a

suitable [:oint of the .lower wins surface, where they ended in

small hose noz_-les.

The driving motor is cooled by the air drawn off from the

wing. This was the only way to keep it running for I0 minutes

at full Dower, in spite of its necessarily very small size. Owing

to the rapid vibrations (up to 500 per second), model parts in
the

direct connection with the motor and/blower ,,,;orecut rapidly

and some of them had to be replaced durin_ the tests.

Princip%l dimensions of the model:

V'fin,zchord, u:_if'orm

Wins _pan, over-all

Span of centr_l wins portion

Thickness of central win_ portion

m • %,-., '-" O__.h,.lc._e .... of out wing' portions

Hcir_ht of disks

luduced drag__tf model.-

attack aRd hence the lift ca.

200 nun

1200 "

450 "

68 1|

30 "

140 "

As previously stated, the an_le of

of the central v;ing portion must

be larger than., those of the outer wing portions. The resulting

lift distribution is sho'_Tn in 7igures 22a and. ,-,o first

approximation, the Ca. difference between the central and the

outer win_ portions are considered const-mt for a certain< differ-
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once A _ oetv,'e,cn the ....:_l_s of attack of the two ,portions. Af-

ter several tests, A c_ = 5° was _conoec.. _hm,q corresponds to

a difference of I0 to 15 ° in the axes of zero lift r -:c,n_ of per-

haps A ca :_:0.8 to 1.0 in the lift.

Accordin_ to the _ "'w_n 5 theory, such a distribution permits

the anticipation of an induced drag _re_,ter,_ then t-:e theoretical

minitu-d_;_,v;nich Is shov_q to be developed by _ or_. ....j

, C.Zo_ibution is elliptic. Accordin< toout disks v;hon-the lift _''_" _.

previous exocriments, no material dep_rture from the, thooretica!

minimum v:as originally a,ssu_._@&. Owing to the un_=su_:l dra£7 :iis-

tribution, however, this additional induced drag w_:_s =ouna, ,:lur-

_:_ tests ,ing __-_ to exc:_ed materially the ass_cm'mc_ v:zluc. Thus, zn

the original results, the,_;e induced arag z_±e,,e._t,_ were mere

........._b_e suction ez_u,_tmar_ifest than the _,_ ...._

Nevertheless, in order to en%b!e conclusions regarding this

suction effect th@ '_ "", pro_-e dra_ of the model had to be p_ottce

subsequently as the difference between t!.e torsi _d the induced

dra,cs. The relation between the nroi'ilc drag cu:d the suction

strength is thus generalized, ,since it oocomes inde_}endent of

the particulam form of the model.

In order to determine the model profile drag by the speci-

fied method, the following; course was followed, v,%ich led approx-

imately-to the goal. The _-ins _;tas considered as a biplane struc-

ture v:ith two _£_eometrica£1y similar '.,tingsof _equal spa:u. Fur-

ther::_ore, a__ elliptic lift distribution was assumed over the
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longer of these two wings (_:ith full span of model), while, over

the shorter one, it corresponded to that of a wing with end disks

of the abov@-iTiven dimensions. The actual lift of the model

could be obtained by the superposition of the two lift distribu-

tions. Let the subindex I denote the values belonging to the

longor wing and the subindex 2 denote the values belonging to

the other win?]. Thon ca and cw refer to the correspondimj areas

b_ t _d b_ t. The induced drag for this arrangement is defined

by the _enerp_l equation

=f

being the downward velocity produced _:y the winE.

under consider_tion the equation is resolved into the following

member s :

,,o +f% d +f % cl =V_ = f--_ d A_ .... d A2 .....
V V V V

60 1

= ';_1_ + Wz= + _ Aa _-- ,

In the case

where W_ is the first integral or the drag of win_ I, and

W2_ the corresponding integral of win_ 2. The third and the

fourth integrals denote the mutual interferences which are equal,

accordinc to an equation originally indicated by l_u_.k ("Disserta-

" Gettingen, 1919). They can be sui'r_nedup by 2 Ae _-_tion, v '

CO I
since -- is constant.

v

The correspondingly reduced expression reads
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b2 b_ t

= + %. %-[ + 2 , c%

b2 \.
,_bI ( al a2 i

:!

i the applica/ole factor of the znducoa drag (See _ _

tin_en R,:uoort iii, p. i7) of the wing with the disks in question.

lu the p=esent case K : 0.64. The minimwm induced drag for the

S _YA e iY_c o_l

_ b.
:: + ._ C

ca Ca 1 a_ol

o_ the wing v/it_ou_ disks (elliptic lift distribution) ms caTcu-

lated in _he usual ""_,a_vfor comma risen.

cw = w b_ w b_ _ ca_ b_ Ca_ Ca2 + ---=b:_ ca_"

The difference between the two drags is:

b22

cw - _w - t J_ _ ,_ea_2
_b I ' bl _

In the approximation represented by this calculation, the differ-

ence, with respect to the minimum induced drag, is seen to be

independent of _a " Then Ca_ is consm_Jer_d as a pure func-

tion of A (_, whence a drag p_rabola, shifted aoou_ Cw ....w

to the right, is obtained in polar representation for a specific

model.

In the present cas:e, the polar i,t{subjected to a parallel

= : 5°
displacement of A cw 0.026 for Ca_ 1.0 and A _ : ,

= 0.8. A ca_'eful evaluation
and of A cw : 0.017 for Ca_
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shoves that the profile coefficients of glide are materially im-

proved by subtracting this addition'_l induced drag. In order to

emphasize this fact, the parabola with £c w : 0.02 is plotted

as a dot-and-dash line in the following diagrmi_s, in addition

to the parabola of minimum drag. After the subtraction of these

two drag portions, the profile drag remains between the dot-and-

dash par_ooia and the teo_ curve.

Tests and results.- Aside from the above-mentioned diffi-

culties, _vhich were due to material stresses, the progress of the

measurements w_s much easier than before and a lar.ger number of

results was obtained. The method adopted for the completion of

the tests consisted in first measuring the forces (drag and lift)

simultaneously from a group of points by means of the wind-

tunnel ba!_.ces and then, after fitting the necessary pipes, de-

termining, in the air flow, the pressures and quantities by

means of a photographic multiple manometer. Identical flow con-

ditions, for each two corresponding individual measurements, were

insured by accurate observation with a sounding wire.

Thus, in the course of extensive experimentation, there were

inve st " _" _l_aoed different strengths of suction, different suction-

load distributions over the two chambers and especially suction

openin_'s of different size, position, number and shape. It may

already have been noted that the form of the suction slots (sharD-

edged or rounded-off) v_as quite negli[_ible. Disregarding the un-

favorable aspect ratio and the great suction force, great lift
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values for the central wing portion alone (Figs. 3] to 33) were

finally investigated.

In the representation of the results_ the Ca, Cw, and c_

values, obtained with specific arrangements of the suction open-

ings, are plotted on each pair of di_rams snd the corresponding

suction coefficients are indicated in numezicslL tables. The in-

dividual curves are lln_o connecting points of approxlmauely

equal suction strength. The figures in the nmmerical tables are

mean values from the measurements for each point (+ 5_$). As

regards the reduced venues Ca, CQ, etc., a decrease in the air-

stream velocity roughly corresponded to an increase in the number

of revolutions of the blower. This fact was taken advantag_e of

in cases of strong suction when the blower WaS inadequate.

There nevertheless remained the usual slight uncertainty regard-

ing the influence of the different Reynolds Nmnbers.

Only the most important results of a large series of tests

are given in Figures 24 to 30. The unpublished results are

nearly as satisfactory, however, in all essential respects. The

compilation of the results shows a characteristic behavior of

z_reasing angle of attack, the most Favor-the c_ polars. With _ ....
c_

able -- values follow gradually increasing suction volumes.
ca

The combination of the most favorable values of a aiagram pro-

duces an envelope polar which seems to be the best criterion

for the excellence of the arrangement. The comparable envelope

polars are shown separately in Figure 30.
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The cw polars chiefly afford a definite idea of the flow

about the model, while the frequent coincidence of curves with

different suction strengths proves that the flow often fails to

be further improved after it has been brought to conform to a

surface. Where curves with different suction strengths coincide,

it shows that the flow undergoes no material cha_es vrhen the

suction is iuereased beyond a certain limit.

Cruses of iden%ical suction arran_jements but of different

step io :_-_ (di_"ferent positions of the throttle valve) are

not indicated in the results, since even quite large change_ in

the distribution of CQl and CQ_ or of Cp_ and Cp_ (up to

I00_$) do not produce substantial differences in the ct pol_mrs,

provided the ct s values approximately agree. According to the

numerical tables for Fionires 26 and 27, good flow conditions are

also produced by equal pressure in both chambers. Hence, con-

trary to former observations, this model does not require com-

partments. The results hitherto obtained do not definitely

settle the question of when to use compartments.

Summary

The improvement of wings is directly affected by the de-

scribed tests. Indirectly, they are of interest in cases when

liquid or Sas flows can be technically improved by preventing

turbulent regions.

According to the results, wings hitherto considered _unfit
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for use in airplane construction, owino_ to their thickness and

angle of attack, ,._rere so far improved by suction as to become

technically usable. 0_ing to the many possibilities of applying

suction methods in airplane construction, no final idea of the

attainable results csml yet be afforded by the tests, olooe co-

operation of the designer and of the aerodyn_lic expert is per-

h_{ps the best and shortest way to reach a solution.

Beyend ca = I, sections v_ith a thickness ratio of s:,pprox-

imately i : 3 can be materially improved (up to 30_). Thus,

from the aerodynm_ic vie_vpoint, very thick sections, which are

sometimes statically desirable, are only slightly inferior to

those used at the present time. Profile-dra_ ooe_icients of

m__ eyed,cw = 0.03 and upward can generally be much " _" whereas

more favorable "'_'"o_l_lnal conditions c_nnot Le. For the model

described in Section VIII, with a central wing portion from the

surface of which air is removed by suction (Fig. 21), profile

coefficients of' glide of approximately 1/40 to 1/50 offe obtained

afoe_ deduction of the rather great induced dracs (Section VIII,

2). Moreover, the model in itself is not particularly favorable

as re@ards profile drag (friction and possible separation drag

due to the end disks).

As regards the lift, ca values up to 6 (oQ = 0.2) were

reached in one case (Section V) and up to ca = A (CQ =0.05)

in _-_nother case (Section VIII) by the application of great suction

strengths. Lift values up to ca = 2.0 _ere also measured for
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the comolete _,ode! in Section VIII (v'_ 21) They had consid-i b •

erable profile dras, -_'o to the !act o_....t tke flow about the0 Jl_.<}

outer winc _:,ortions wa_ already half-detached (Fiss. 24 to 29).

Technically speaking, the data of Section VII deserve con-

sideration. They prove that all accurate methods of measurement

fail when asplied to nonlifting flow about sym:<mtricai thick sec-

tions. This fact is accounted for by the formerly often-observed

inst;:foility of such flows which could not %e prevented by suction.

_ ial
The _ood asreement _+"<_ the lift of the cal(_ula_ed potent

flow and that of the actual flow produced by suction (Fig. 9,

Section V) i_; in h._ri..ony with thooretico_l considerations.

Lastly, i% smo_Ic_ be _o_ed that the Reynolds Number of the

described test is exceeded by that of actual airplanes at least

by a _ac_ I of I0. Althoush experience shows that the ±crees

acting on a model are _pproximate!y proportiom_ to those exert-

ed on full-size airplanes, it is doubtful whether these condi-

tions also hold _ood fer suction volumes, since the bound'_rY -

. _s the idea of a graducul decrease in the sue--layer theory SU_ i_e _"

tion vol'ome with increasing Reynolds i,bmmber. However, for lack

of nractical experience, no definite statements can be made.
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TAgLE II. (Fig. 24)

cQ Cp C_s

a

b

O

d

e

f

0.0005

0.0010

0.0020

0.0031

0.0040

0,0075
I

0.7

2.8
3°7

5.3
8.9

0.0008 a
0.003 b

0.008 e

0.014 d

0.030 e

0.074 f

Flo. 25)

c_

0,0005
0.0019

0.0032
0.0044

0.0059
0.0089

Cp

0.4

0.8

1.5

2.7

8.5

07, s

0.003

0.008

0.016

0.033

0.085

a

b

0

d

e

f

CQl

0.0006
0.0007
0.0012
0.0034

c4_

0.0016

0.00_7
0.0040

0.0056

0.0071

T_BL_ iv (_ic. 2G)

o4

0.0016

0.0033

I o.oo_7
0.0068

0.0105

Cp I

1.,5
2,2
2.8
3.5
5.3

Cp_

1.3

2.1
2.8

3.6

5.9

0.002
0.003
0.005
0.021

°%ss

0.004

0.008
0.015

0.026

0.049

c7, s

0.004

O, C)lO
0.018

0.031

0.070

a

b

0

d

e

f

TABLE

cQ_

0.0005

0.0013

0.0075

o. oo_3

0.0012
0.0019

0.0022
0.0050
0.0044

o4

0.0011

0.0024

0.0035

0.0056

0.0086

v (F_.

%,I
0.6

1.3
a.5

4.7

o_ cZCp_ c_ s: s_ s

0.5

1.3

2.3

3.1

4.1

6.6

0.002
0.006
0,014
0.033

0.003

0.006

0.009

0.015

0.034

0.003
0.008

0.015

0.029
0.067

0

d
@

f

TABLE VI

o_

0.0031
0.0040
0,0055
0.0088

(Fig.

Cp

I._

1.6
2.7

5.7

28

07.s

0.007
0.0i0

0.02i

0.058
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0

d

@

f

O. 0004
O. 002_0
O. D045

i.-

O.OO&O
O. 00,_8
0.0055

_T_ vI_ (Fig. 2o)

0.0055

0.00%8

0_0068

0.0!00

Cp I

I.@

2.0

2.8

5.9

Cp

1.5

io6

8.5

3.8

C_S_

0.001

0.007
o.o2i

0.011

0.017

c_ s

0.007

o.oi2
0.023
0.048

CQ

a

b 0.003

c 0.010
cl 0.0_]2

_:,_TE VIii (_15. 30)

0.61{)

0.010

0. 015
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Fig.8a Fig.$b

Fig.8 Suction screens.(a)Slottcd scrt_,eu,e,ir r_:<=_ov3',lO.75m3/sec/
2

m at Ir,iu wate[.(b)Perforated screon,under s,.%uc,conditions
air removed is 0.5m. /see. Slotted scr3cn w_os used for models in

Section V and VI (flow perpendicular to ,_._r,_.,otlo..of slots)

perforat_d screen for _uodels iu Sections IV and VII.
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Fig.9 ca plotted a_ainst _.for model

in Fig.4.(a) Theoretical

frictionless flow,(b) "%asured values

of suction wing.(c)Same values con-

verted to infinite height of jet h.

(d) Measurements on normal wing (20
× lOOc_ ) without suction, converte_

to infinite aspect ratio.(See Fig.lO)
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